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Infrared measurements are used to obtain conductivity as a function of temperature and frequency
in YbInCu4, which exhibits an isostructural transition to a mixed-valent state at Tv ≃ 42K. In
addition to a gradual loss of spectral weight with decreasing temperature extending up to 1.5 eV,
sharp resonances appear in the mixed-valent state at 0 and 0.25 eV . These features may be key to
understanding both YbInCu4 and the nature of the mixed-valent Kondo state.
The presence of local moments in metallic systems
is associated with a variety of interesting phenomena,
including the Kondo effect, heavy-fermion physics and
mixed-valence1. In rare cases, an isostructural first-order
transition at which a discontinuous change in valence and
volume accompanies an abrupt disappearance of the local
moment is observed2–6. This moment disappearance can
be described in terms of the formation of a mixed-valent
Kondo-singlet state, in which the f-level moment is com-
pensated due to a Kondo-like screening by conduction
electrons1. The transition to such a state provides an
exceptional opportunity to probe a range of fundamen-
tal phenomena, including moment compensation, Kondo
singlet formation, and mixed-valence.
The prototypical example of a volume/valence transi-
tion is the γ − α transition2 of Ce, in which a valence
change from about 3 to 3.2 occurs in concert with a vol-
ume reduction of about 15% at Tv∼200 K . According to
the Kondo-volume-collapse model3, the reduced lattice
constant in the low temperature phase is associated with
an increase in hybridization between local moment and
conduction electron states. This results in an enhanced
Kondo energy, which drives the transition to a Kondo-
singlet ground state. The energy reduction associated
with the formation of the singlet ground state justifies
the loss of entropy associated with the disappearance of
the local-moment degrees-of-freedom. Technical difficul-
ties associated with an intermediate phase2 make it very
difficult to study the intrinsic physics of this transition
in Ce.
YbInCu4 also exhibits a transition to a mixed-valent
Kondo-singlet ground state, which is isostructural to its
high-temperature local moment state. In this compound
the intrinsic physics is more accessible, as there is no in-
tervening phase, and the transition occurs at Tv ≃ 42
K at ambient pressure7–11. At this transition the Yb
valence decreases from ∼3 to ∼2.85, and the local mo-
ment vanishes. The volume change is of opposite sign
to that of Ce– a difference consonant with the obser-
vation that Yb has one hole in the f-level, whereas Ce
has one f electron; however the magnitude of the vol-
ume change in YbInCu4 (≃ 0.5%) is too small to pro-
vide a basis for an increase in hybridization that would
drive the transition12–14. YbInCu4 is thus a very inter-
esting system, with a transition from a magnetic state to
a mixed-valent ground state that is not well understood.
In this letter, we focus on changes in the infrared
conductivity of YbInCu4 associated with the transition
into the mixed-valent state. The abrupt increase of the
Kondo scale below Tv may allow us to identify key fea-
tures of the Kondo state, and thus shed light on fun-
damental phenomena of Anderson lattice systems. This
work is complementary to previous optical work which
addressed the relationship between spectral features and
band-structure calculations15–18.
At the transition two resonances appear. The first is
a Drude-like peak centered at zero frequency which is
qualitatively similar to low-temperature behavior seen in
certain cerium compounds (c.f. ref. 21). The second
is a resonance at ∼ 0.25 eV, which is present only in
the mixed-valent state. We discuss the interpretation
of these resonances as intra- and inter-band excitations
of coherent Kondo-state quasiparticles, respectively, for
which the substantial increase of TK at Tv is critical.
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FIG. 1. The reflectivity and the real part of the conduc-
tivity at low frequency are shown for YbInCu4 at T= 250 K
(long dashes), 55 K (shorter dashes) and 20 K (solid). The
low-frequency resonance at 20 K is associated with the intra-
band excitations of a long-lived quasi-particle (Kondo) reso-
nance. The inset shows the scattering rate (solid), τ−1, in
cm−1, and effective mass enhancement (dotted), m∗, vs fre-
quency at 20 K.
Also of interest are spectral weight changes extending
beyond 1 eV, which may have implications regarding the
energy, time and length scales associated with moment
compensation and Kondo singlet formation.
The samples used in these experiments are high-quality
single crystals grown from an In-Cu flux9. For these sam-
ples a sharp transition occurs at about 42 K in the ab-
sence of strain. At the transition the volume increases
by about 0.5 % as the sample is cooled, and the sus-
ceptibility and resistivity drop abruptly by an order of
magnitude. Thermal cycling tends to induce strain in the
samples, which can broaden the transition and move it to
higher temperature9. Infrared and optical measurements
are performed using a combination of Fourier transform
and grating spectrometers to cover the range from 50
to 50,000 cm−1. In these measurements we have gone to
great efforts to measure in all ranges before going through
the transition to avoid disorder effects influencing the in-
frared data significantly. The conductivity as a function
of frequency is obtained from a Kramers-Kronig trans-
form of the reflectivity data. For the purpose of perform-
ing this transform, the measured reflectivity is extended
from 50,000 to 200,000 cm−1 as a constant, and above
that it is made to decrease like 1/ω2. At low frequency
a Hagen-Rubens termination is attached to the data. In
the region of the actual data, the conductivity is insensi-
tive to the details of these terminations.
Figure 1 shows the reflectivity and the real part of the
conductivity in the low-frequency region in which a nar-
row Drude-like peak appears at low temperature. Above
Tv the conductivity is suppressed and only weakly de-
pendent on frequency, due to the the strong scattering
of the conduction electrons by the dense magnetic “im-
purities” (local moments). Below Tv this scattering is
suppressed, the d.c. resistivity decreases abruptly9 and
a narrow resonance appears in σ1(ω), as shown in fig-
ure 1. Extrapolated values of σ1(ω) to ω= 0 of about
σd.c.≃10,000 Ω−1cm−1 above Tv , and≃ 40, 000 to 80,000
Ω−1cm−1 below Tv are consistent with d.c. resistivity
measurements7.
FIG. 2. The reflectivity and the real part of the conduc-
tivity at low frequency are shown for YbInCu4 at T= 250 K
(long dashes), 55 K (shorter dashes) and 20 K (solid). Grad-
ual reduction of spectral weight with cooling occurs in the
vicinity of 8,000 cm−1 (1 eV). A well-defined resonance ap-
pears at 2,000 cm−1 (1/4 eV) in the low temperature Kondo
state.
One can view this low-temperature behavior in terms
of a frequency dependent scattering rate and effective
mass19–21, as shown in figure 1b (inset). At 20 K the
scattering rate rises rapidly between about 25 and 200
cm−1 exhibiting a change in slope in the vicinity of 200
cm−1, which is comparable to the Kondo scale (≃280
cm−1 ) of the low-T state of YbInCu4. The effective mass
enhancement increases with decreasing ω over the same
range and approaches an asymptotic value of aboutm∗≈
10 at low frequency. These low temperature quantities
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exhibit a crossover from a low energy regime where the
compensated moments are ineffective scatterers, to a high
energy regime in which conduction electrons are strongly
scattered by uncompensated moments. This reflects the
evolution of the dynamics from that of dressed, heavy
quasiparticles to that of the undressed band-like carriers,
which is fundamental to systems with a local moment
resonance not too far from the chemical potential.
Figure 2 shows reflectivity and conductivity to higher
frequency (12,000 cm−1). These data show the persis-
tence of significant temperature dependence to very high
frequency (compared to T or TK) in YbInCu4. For ex-
ample, between about 5,000 to 12,000 cm−1 σ1(ω) de-
creases substantially as T is reduced both above and be-
low Tv . In addition, a prominent resonance appears in
the mixed-valent (low-T) state near 2,000 cm−1. The
spectral sharpness and abrupt appearance of this feature
at ω≃ 2, 000 cm−1 (≃ 1/4eV ) as a function of tempera-
ture are striking.
Figure 3 shows spectral weight, which is the indefinite
integral of σ1(ω) , n(ω) =
m
pie2
∫ ω
0
σ1(ω
′) dω′, as a func-
tion of frequency. In this figure (and figure 2) we see
that there is a net loss of spectral weight as the temper-
ature is lowered from 250 K to 55 K. The loss amounts
to about 10% of the strength of the broad mode centered
around 9,000 cm−1, and corresponds to ∼ 1 carrier/Yb
atom with the reasonable assumption of a band mass of
3 (times the free-electron mass). Since spectral weight
is ultimately conserved (if one integrates to high enough
frequency22), these data imply that it must be displaced
to still higher frequency (above 16,000 cm−1≃ 2 eV) as T
is reduced from 250 to 55 K. Recent theoretical work23,24
has explored possible origins of such high energy spectral
weight shifts (involving energies vastly larger than KBT
and KBTK) in strongly correlated systems.
The coalescence of the 20 and 55 K curves at the high
frequency end of figure 3 indicates that the increase in
spectral weight associated with the appearance below Tv
of the resonance at ∼2000 cm−1 is balanced by a general
reduction of σ1(ω) up to ∼ 12, 000 cm−1. The displaced
spectral weight corresponds to about 1.5 carriers/Yb.
Although the spectral weight of the very narrow low
temperature resonance at ω = 0 (figure 1) is quite small,
it is significant to the correspondence between the in-
frared data and Hall effect data for YbInCu4. Hall effect,
when corrected for skew scattering, reflects an increase
from about 0.7 carriers/Yb above Tv, to a much higher
value (∼ 4 carriers/Yb) below the transition12. Above
Tv, the low frequency rise of the conductivity (figure 2)
can be fit with a broad (∼ 700 cm−1) resonance with
a strength which corresponds to about one carrier per
Yb, which is roughly consistent with the high tempera-
ture Hall data. Below Tv a much sharper (∼ 25 cm−1)
additional peak appears in σ1(ω) at ω ∼ 0, as seen in fig-
ure 1b. With the inclusion of the frequency dependent,
low-temperature mass enhancement of m∗ ≈ 10 (figure
1b, inset), this narrow peak represents an additional 2.5
carriers/Yb, consistent with the substantial increase in
carrier density inferred from the low T Hall effect data.
FIG. 3. Spectral weight, the integral of σ1(ω) as a function
of frequency from 0 to ω, is shown as a function of ω at T=
250 K (long dashes), 55 K (shorter dashes) and 20 K (solid).
The units for the vertical axis, expressed in terms of carriers
per Yb atom, are established by the assumption of a band
mass of 4.
Both the starting Hamiltonian and the mechanism that
drives the transition to the mixed-valent state remain ar-
eas of active research for YbInCu4 . With regard to the
mechanism, it has been argued that the lattice expansion
is too small to explain the large change in Kondo tem-
perature (from ∼25 K to 400 K) at the transition14. The
Falikov-Kimball model is capable of producing a quasi
Hubbard-like first-order transition, and may be relevant
to high-temperature properties of YbInCu4, however it
ignores hybridization, which is certainly important in
the low-T state25. In the mixed-valent state, where the
Kondo scale is large, the dynamics of the Periodic Ander-
son Model (PAM) are expected to be relevant. Within
the PAM context, the 1/4 eV excitation can be associ-
ated with a quasiparticle interband transition involving
Kondo resonance states near Ef
26,27. The abrupt change
of TK at the transition and the abrupt appearance of the
resonance are consistent with this interpretation. The
study of YbInCu4 , with its first-order transition at which
TK increases by an order of magnitude, thus appears to
allow the first clear identification of this fundamental ex-
citation.
The energy scale for this interband excitation involv-
ing the dynamically generated quasi-particle states at Ef
(the Kondo resonance) is expected to be26 ∼
√
TKB.
Since TK ≃ V˜ 2/B this provides a measure of the renor-
malized hybridization, V˜ . Using the value V˜ ≃ 1/4 eV
from our infrared data, along with TK ≃ 400 K (≃ 35
meV), implies a bandwidth of B ≃ 1.8 eV, which is rea-
sonable. One can estimate the hybridization broadening,
Γ, using its relationship to V˜ , to be Γ ≃ 0.25 eV. Further,
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one can use Γ in NCA formulae28 involving nf (T ) along
with LIII edge measurements of valence
29 to infer that
the f-level is about 0.5 eV away from the chemical po-
tential. These values are quite reasonable for this mixed
valent system.
The observation that the growth of the resonance at
≃1/4 eV comes from a redistribution of spectral weight
from essentially the entire range below 1.5 eV (compa-
rable to the bandwidth) may have implications for ques-
tions related to exhaustion and the time scales relevant to
screening in Kondo lattice systems27,30. Does it suggest
that conduction electrons further than KBTK from the
chemical potential are significantly involved in screening
in the Kondo lattice? Further work can be expected to
address such questions. It is also intriguing to note that
an excitation of similar frequency is present in YbB12
31,
for which TK ≃ 300 K, and that related features may also
be present in spectra from mixed-valent Ce compounds32.
In summary, YbInCu4 is of interest because of the rar-
ity of valence transitions, a lack of understanding of their
underlying mechanism, and due to the opportunity to
observe the effect of dramatic changes of T/TK on phys-
ical properties. We observe high-energy spectral weight
changes, which may be relevant to the mechanism, and
the abrupt appearance of a sharp excitation near 1/4 eV,
present only in the high TK/T state, which is interpreted
as the Kondo-quasiparticle interband excitation.
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